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Abstract. The present paper reviews a long-term fire experiment in the Kruger National Park, South Africa, established
in 1954 to support fire management. The paper’s goals are: (1) to assess learning, with a focus on relevance for fire
management; (2) to examine how findings influenced changes in fire management; and (3) to reflect on the experiment’s
future. Results show that fire treatments affected vegetation structure and biomass more than species composition. Effects
on vegetation were most marked in extreme treatments (annual burning, burning in the summer wet season, or long periods
of fire exclusion), and were greater in areas of higher rainfall. Faunal communities and soil physiology were largely
unaffected by fire. Since the inception of the experiment, paradigms in savanna ecology have changed to encompass
heterogeneity and variability. The design of the experiment, reflecting the understanding of the 1950s, does not cater for
variability, and as a result, the experiment had little direct influence on changes in management policy. Notwithstanding
this, managers accept that basic research influences the understanding of fundamental ecosystem function, and they
recognise that it promotes appropriate adaptive management by contributing to predictive understanding. This has been a
major reason for maintaining the experiment for over 50 years.
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Introduction
Fire is an important process in savanna ecosystems, where it acts
both as a generalist herbivore (see Bond and Keeley 2005), and
as a facilitator of the coexistence of trees and grasses (Higgins
et al. 2000). Fire has long been used in the management of savan-
nas, and this management has been informed and adapted by
the findings of ongoing research. In southern African conserva-
tion (and rangeland) areas, fire was initially viewed as an evil
to be avoided, and later as an agent that would maintain these
areas in a pristine ‘state’, through its application in fixed sea-
sons and at fixed return intervals. As savanna ecology adopted a
new paradigm of non-equilibrium theory, management sought to
implement more flexible approaches to the use of fire in southern
African conservation areas (Mentis and Bailey 1990; van Wilgen
et al. 1998; Bond and Archibald 2003). These developments
reflected those in other parts of the world, where there has been
a growing realisation that the homogeneous and regular appli-
cation of fire reduces the overall productivity of rangelands, and
that this has critical impacts on biodiversity and wildlife habitats
(Fuhlendorf and Engle 2001, 2004). These changes in thinking
have taken place over more than half a century, during which
time they have gradually become accepted, and implemented in
many areas.
The development of an understanding of the effects of fire
is often supported by research based on the experimental appli-
cation of selected fire regimes on fixed areas (see, for example,
Knapp et al. 1998; Andersen et al. 2003). Such experiments
reflect the thinking of the time of their initiation, but they are usu-
ally long-term in nature, with treatments often repeatedly applied
for many decades. Interest in long-term ecological research has
grown internationally over the last quarter century, as evidenced
by the International Long-term Ecological Research initiative
(www.ilternet.edu/, accessed 25 September 2007). Although the
case for such research is well articulated and solid, carrying out
such long-term research is beset with challenges. For example,
experimental objectives often change over time, and almost all
experiments are periodically threatened with closure. In many
cases such experiments, once initiated, gradually become forgot-
ten because they do not produce an ongoing stream of products,
or because priorities change. The value of and continued support
for such experiments is therefore the subject of ongoing debate
and contention.
In the present paper, we provide a critical review of one such
experiment – a long-term, plot-based, replicated fire experiment
in the Kruger National Park in SouthAfrica. The experiment was
established in 1954 to provide a basis for scientific fire man-
agement of the park. Our review has three goals: (1) to assess
what we have learnt from this experiment, with a special focus
on the relevance of findings for fire management; (2) to exam-
ine whether and how these findings influenced changes in fire
management policies in the park, against a backdrop of chang-
ing ecological paradigms; and (3) to reflect on the value and
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future of the experiment. As our focus is on the relevance of the
experiment to the ongoing improvement of fire management in
the park, we also briefly review the history of fire management
in the park.
The Kruger National Park
The Kruger National Park was proclaimed in 1926, and cov-
ers 1 948 528 ha. It has a mean annual rainfall that varies from
∼350 mm in the north to ∼750 mm in the south. The rainfall
regime is characterised by extended wet and dry periods, in
which the rainfall is either higher than the long-term mean, or
lower than the mean, for between 6 and 12 consecutive years.
These extended wet and dry periods have marked effects on the
occurrence of fires, mainly through their influence on grass fuel
loads (van Wilgen et al. 2004). The vegetation of the park is a
well-wooded savanna, dominated by trees in the genera Acacia,
Combretum, Sclerocarya, and Colophospermum.The fire regime
in the park is characterised by fires concentrated in the late
dry season. Mean fire-return intervals between 1941 and 1996
ranged between 2.7 and 7.1 years in different landscapes of the
park, with an overall mean of 4.5 years (van Wilgen et al. 2000).
Experimental fire research in the Kruger National Park
Fire research began formally in the Kruger National Park with
the establishment in 1954 of an experiment to test the effects
of fire on the vegetation (Van der Schijff 1958). The aim of
the experiment was to study the effects of fire on the vegeta-
tion of the Kruger National Park under the grazing pressure of
indigenous herbivores. This was in contrast to the fire research
that had been undertaken by the government’s Department of
Agriculture at the time, which considered primarily domestic
livestock (Van der Schijff 1958). The experiment consisted of
the application of fires at varying return intervals and seasons,
and protection from fire, on a series of 7 ha plots in four of
the major vegetation types (Sourveld, Combretum, Knobthorn-
Marula and Mopane vegetation types) of the Kruger National
Park (Fig. 1, Table 1). The experiment was open to grazing and
browsing by a diverse suite of herbivores, and this may have
mediated or masked the effects of fire. The treatments originally
included annual winter fires in August and biennial and trien-
nial fires in August, October, December, February and April. In
1976, further treatments to examine the effects of fires every 4
and 6 years in October were added to the experiment (Table 2).
Although considerable effort was made to adhere to the fire fre-
quency and season treatments over the ∼50+ year duration of
the experiment, not every plot was burnt according to schedule –
mainly owing to weather, lack of standing biomass, or unin-
tentional burning. Adherence to the planned treatments tended
to deviate more in the relatively arid landscapes (Fig. 2). Full
details of the experimental design and application of treatments
are available elsewhere (Biggs et al. 2003).
In contrast to the considerable effort to adhere to the sched-
uled experimental treatments, there were relatively few attempts
at the analysis and interpretation of data arising from the experi-
ment during the first four decades of the experiment’s existence.
In order to assess scientific output, we compiled a list of all
research products (published papers, reports, theses and datasets)
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Fig. 1. Location of replicates of a fire experiment in four major vegetation
types (hatched and striped areas, see Table 1) of the Kruger National Park,
South Africa. The experiment was spread across a north–south precipitation
gradient and among two dominant geological types (unshaded = granite,
grey shading = basalt).
Table 1. Salient features of four vegetation types in which the Kruger
National Park’s fire experiment was replicated
Vegetation type Dominant tree species Geology Mean annual
rainfall (mm)
Sourveld Terminalia sericea, Granite 705
Dichrostachys cinerea
Combretum Combretum collinum, Granite 572
C. zeyheri
Knobthorn-Marula Acacia nigrescens, Basalt 507
Sclerocarya birrea
Mopane Colophospermum mopane Basalt 451
(Trollope et al. 1998) as a starting point for the list, but elim-
inated many products that clearly had little or no connection
with the fire experiment, and added new products produced
after 1998. In total, 67 products have been produced since the
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Table 2. Burning treatments applied in the fire experiment in four
major vegetation types in the Kruger National Park
The symbol ‘X’ indicates treatments initiated between 1956 and 1958,
and ‘Y’ in 1976 (fires at 4- and 6-year intervals were only applied in the
Knobthorn-Marula and Mopane vegetation types). A dash (–) indicates that
the combination of treatment and frequency did not exist
Fire treatment Planned fire frequency (years)
1 2 3 4 6 >50 (no fire)
February (late summer) – X X – – –
April (autumn) – X X – – –
August (late winter) X X X – – –
October (after first spring rains) – X X Y Y –
December (mid-summer) – X X – – –




























Fig. 2. The relative fire frequency (calculated as x/y, where x = the number
of fires applied and y = the years of existence of the treatment) achieved for
different fire treatments (various frequencies or protection from fire) on
experimental burning plots in the Kruger National Park in Sourveld (),
Combretum (), Knobthorn-Marula () and Mopane (•) vegetation types.
Open circles (©) indicate the intended level of treatment.
inception of the experiment; most of these have been produced
in the past decade (Fig. 3).
Focus of research during the fire experiment
The experiment commenced in 1954 with baseline surveys
of the condition of the vegetation, following which routine
weather observations were instituted in 1958, along with the
application of planned treatments (Fig. 4). Occasional efforts
were subsequently made to improve on field survey techniques
(Davidson et al. 1961;Trollope et al. 1989); later, the experimen-
tal sites were used to ground-truth remotely sensed satellite data
(Hetherington 1997; Landmann 2003). At the end of the 1960s,
a technician (Mr A. L. F. Potgieter) was appointed with the pri-
mary responsibility of overseeing the ongoing implementation
of the fire experiment. In 1971, he completed a comprehensive

























Fig. 3. The number of research products arising from the Kruger National
Park’s fire experiment per decade. Shading shows the type of product.
the experimental plots. Between 1960 and 1979, partial analyses
of the response of the vegetation to burning treatments were pub-
lished (Anon. 1960; van Wyk 1971; Gertenbach and Potgieter
1979; W. P. D. Gertenbach and A. L. F. Potgieter, National Parks
Board of South Africa, unpubl. data).
By the mid-1970s, concern was being expressed that attempts
at rigid adherence to fixed-interval burning may have undesir-
able effects (based on a growing realisation that a degree of
variability would be required in ‘natural’ ecosystems), and the
management policy in the park was changed to allow for more
flexible, and longer, intervals between fires (Biggs and Potgieter
1999; van Wilgen et al. 2003). In 1976, the fire experiment was
modified to allow for fire treatments at longer intervals (4 and 6
years) in spring, with the additional objectives of establishing the
effects of these longer intervals between fires (Biggs et al. 2003).
The experiment’s objectives and design have remained unaltered
since then. Between 1977 and 1992, the plots were used, oppor-
tunistically it seems, to study the impacts of fire treatments on
small mammals (Kern 1977, 1981) and on soil physiological fea-
tures of the ecosystems (Webber 1979; Jones et al. 1990; Otter
1992).
Serious interest in the experiment was revived in 1980 when
Prof. W. S. W. Trollope, a fire ecologist from the University
of Fort Hare, spent a period of sabbatical leave in the park.
During this year, Prof. Trollope developed and instituted a sys-
tem for the routine recording of fire behaviour at all experimental
burns, a step that introduced new thinking into the experi-
ment, particularly with regard to the impacts of fire intensity
on tree mortality (Trollope and Potgieter 1985; Trollope et al.
1995, 1996). Between 1992 and 1996, the fire experiment (again
opportunistically) became a vital component of a large, interna-
tional field experiment, aimed at establishing the role of savanna
fires in the dynamics of atmospheric chemistry (Lindesay et al.
1996). This experiment, dubbed ‘SAFARI-92’ (an acronym for
Southern African Fire–Atmosphere Research Initiative), made
extensive use of the Kruger National Park’s fire experiment to
gather data on gaseous emissions (Andreae et al. 1996; Lacaux
et al. 1996; Levine et al. 1996; Parsons et al. 1996; Shea et al.
1996; Ward et al. 1996). This highlighted the value of the exper-
iment as a template for testing new ideas over and above those
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Fire management policy
Focus of fire experiment 
1920 1930 1940 1950 1970 1980 19901960 2000 2010
Occasional but limited deliberate burning
Attempts to reduce impacts of fire
Prescribed burning on a fixed 3-year cycle
Flexible prescribed burning
Concerted analysis of data
Lightning fire policy
Patch mosaic burning
Application of annual, biennial and triennial treatments
Baseline surveys
Recording of weather data at the experiment sites
Repeat baseline surveys
Development of survey techniques
Assessment of gaseous emissions 
Analysis of vegetation responses
Analysis of faunal responses
Analysis of soil properties
Development of conceptual ecological models
Application of quadrennial & sexennial treatments
Systematic recording of fire behaviour
Fig. 4. Activities that formed the focus of the fire experiment in the Kruger National Park over the past century,
and corresponding policies adopted for guiding fire management.
envisaged at the experiment’s inception. With advances in com-
puter technology at the start of the 21st century, data from
the experimental plots were used in the development of more
ecosystem simulation models, to explore the effects of fire on
ecosystem dynamics (Higgins et al. 2000; Van Langevelde et al.
2003).
During the 1990s, criticism was levelled at the park’s man-
agement for the lack of analysis and evaluation of its research
efforts, and this (coupled with fresh capacity and enthusiasm for
analysis) led to a decision to conduct a program of analysis of
historic datasets (Freitag 1998). Students and visiting scientists
were encouraged to assist in this process, and the wealth of data
and opportunity led to several assessments of the impacts of fire
on the experimental plots.
Ecological understanding gained and its relevance
to management
It is not possible to do justice, in a paper such as this, to the vol-
ume of information that has emanated from the fire experiment
over the past decade. Our purpose is rather to distil the essence
of the findings in such a way that the broad implications for
fire management can be identified (Table 3). These findings and
implications are discussed below with reference to individual
ecosystem components.
Effects on woody plants
Higgins et al. (2007) concluded that fire frequency, fire season,
and total fire exclusion did not influence the size of tree pop-
ulations. Counter to what was expected, there was no decrease
in tree density with increasing fire frequency, and this resilience
was attributed to the ability of all woody species to resprout
from the base after fire. Repeated fires kept individuals small,
but they rarely were killed by fire. However, fire had a marked
effect on the size, structure and biomass of tree populations. The
fire exclusion plots are dominated by larger trees, whereas plots
treated by fire had many stunted individuals (Fig. 5). The exper-
iment also showed that different fire regimes had little effect
on the species richness of woody plants (Enslin et al. 2000;
Shackleton and Scholes 2000; Jacobs and Biggs 2001; O’Regan
2005). In some cases, tree height was reduced slightly in dry-
season burns, compared with early wet-season burns (Kennedy
and Potgieter 2003).The effects of fire exclusion on woody plants
were also more marked in areas of higher rainfall. For exam-
ple, the increase in biomass following protection from fire over
the duration of the experiment (6 tonnes ha−1) at the Sourveld’s
experimental plots (mean annual rainfall 737 mm) was two to
six times greater than that at plots in other landscapes experi-
encing between 496 and 550 mm of rainfall annually (Higgins
et al. 2007).
The quantification of fire intensity at experimental fires
allowed for the assessment of this aspect of the fire regime on
woody plants. The degree to which the aerial parts of woody
plants are scorched, forcing them to resprout from the base (top-
kill), was found to increase with increasing fire intensity, and
to decrease with increasing plant height (Trollope et al. 1995).
Fire season had a significant effect on fire intensity (Govender
et al. 2006). Mean fire intensities were lowest in summer fires
(1225 kW m−1), increased in autumn fires (1724 kW m−1), and
were highest in winter fires (2314 kW m−1); this was associated
with a three-fold difference between the mean moisture content
of grass fuels in winter (28%) and summer (88%). Mean fire
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Table 3. The effects of fire on a range of ecosystem features, as determined on experimental burning plots in the Kruger National Park, and the
associated implications for fire management in the park
Ecosystem feature examined Effect of fire Implications for management
Woody plant composition Tree and shrub density are unresponsive to fire regimes Fire is not critical for the maintenance of woody plant
and structure or fire exclusion; tree size is reduced as fire frequency biodiversity, but does affect structure. Managers wish
increases. Species richness and composition are to reverse declines in the numbers of large trees, which
little affected by different fire treatments and fire is driven by interactions between fire and elephant browsing.
exclusion. Exclusion of fire promotes dominance However, given the complexity of ecosystems, manipulating
by large trees. fire frequency or reducing elephant numbers alone to address
this issue may lead to unexpected results.
Woody plant mortality Lethal scorching of the aerial parts of woody plants, Managers can retard or increase the rate at which trees are
in fires forcing them to resprout from the base, increases recruited into the larger, fire-resistant classes by selecting
with increasing fire intensity, and decreases with appropriate fire intensity levels (see below).
plant height.
Herbaceous plant Community composition changes little with fires in The manipulation of fire regimes is not critical for the
composition the dormant season, but more so with fire in the wet maintenance of herbaceous plant species diversity.
growing season, and with fire exclusion. Impacts are Extensive fire exclusion, or wet season fires, which
most marked in wetter areas. would affect composition, will not be possible in reality.
Small mammals There are noticeable effects of fire on small mammal Protection from fire seems the best option for small
mammal communities, with unburnt sites supporting diversity, but is not practically achievable. Some
the most species and the highest densities. species may have to rely on fire refugia for survival.
Birds Species richness and composition do not vary in Bird communities are likely to be maintained within a
response to fire intensity. wide range of fire regimes.
Ants There is no significant effect of burning on ant species Fire is unlikely to affect the maintenance of ant diversity.
richness and abundance between fire treatments, but The conservation of ant species associated with unburnt
significant differences in ant assemblage composition areas should be achieved in fire refugia.
exist between burnt and unburnt plots.
Mycorrhizae Mycorrhizal colonisation increases, and root branching Grasses are able to cope with a range of fire frequencies,
and fine root development decreases with decreasing and their conservation will not depend on the maintenance
fire frequency, allowing for optimal acquisition of a narrow range of fire regimes.
of resources under different fire frequencies.
Soil structure and Nitrogen losses during fires are replenished regardless There is no evidence, yet, that infrequent burning
nutrients of the fire treatment, although the mechanisms for (every 2–6 years) may lead to severe nutrient losses and
this are not understood. Frequent (annual) soil crusting. Frequent fires that cause crusting are
burning increases soil crusting. unlikely on a large scale.
Emissions Carbon and nitrogen emissions increase with biomass This work alerted managers to problems, of which they
and post-fire age. Post-fire biogenic emissions of were previously aware, relating to atmospheric pollution
nitric oxide increase after fire. and nutrient cycling.
Fire behaviour Mean fire intensities vary with fuel moisture but not Managers can manipulate fire intensity (and thus tree
post-fire age; seasonal fuel moisture effects thus mortality) by choosing the season of fire. Estimated fire
override those of fuel load. Fire intensity can be intensities from rainfall, fuel load, and fire season can
predicted from relationships between rainfall, enhance fire records, and the later interpretation of biotic
fuel load, and fire season. responses to fire.
intensities showed no significant differences between annual
burns and burns at 2-, 3- and 4-year intervals, despite lower fuel
loads in annual burns, suggesting that seasonal fuel moisture
effects overrode those of fuel load. The understanding gained as
a result of this work will allow managers to potentially manipu-
late fire intensity (and thus tree stem mortality) by choosing the
season of fire.
In general, these findings suggest that trees and shrubs will
persist under a wide range of fire regimes, and that manipulation
of fire is not critical for the maintenance of woody plant biodi-
versity. However, managers are concerned that there has been
a decline in the number of large trees in the park (Eckhardt
et al. 2000), and that this decline is driven by the interactions
between fire and browsing by elephants (van Wilgen et al. 2003).
Although total fire exclusion will promote the retention of large
trees, it is not a practically achievable or otherwise desirable
option. Currently, there is a vigorous debate around the man-
agement of elephant populations (Owen-Smith et al. 2006), as
managing the size of elephant populations may offer the only
practical solution to the problem of declines in the numbers of
large trees. Whereas managers can possibly increase the rate at
which trees are recruited into the larger, fire-resistant classes
by selecting for conditions of lower fire intensity and topkill, it
is not known whether manipulating fire alone would solve the
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Fig. 5. Experimental burning plots in the central area of the Kruger National Park in 2006. Fire was excluded from the plot on the right for 50 years, whereas
the plot on the left was subjected to fire every 2 years (Photo N. Govender).
problem. In a recent review of the implications of current eco-
logical thinking for biodiversity conservation, Wallington et al.
(2005) point to the fact that ecosystems are complex and are
made up of many different species and processes that interact in
different ways. Management actions that target a single species
(such as elephants) or process (such as fire) alone are likely to
lead to unexpected results that could cascade through the whole
system, and a broader, systems approach may be required (e.g.
Zavaleta et al. 2001).
Effects on herbaceous plant composition
Detailed analyses currently in progress indicate that fires in the
dormant season had relatively little effect on the community
composition of herbaceous plant species (M. D. Smith, unpubl.
data). In contrast, fires in the wet season, and fire exclusion,
resulted in changes to the herbaceous plant community compo-
sition over the duration of the experiment. For example, plots
earmarked for different treatments were found to have been
similar in terms of grass species richness at the start of the
experiment, whereas after 50 years of treatment, plant species
richness was consistently lowest on plots where fire had been
excluded, or where they had been burnt in the wet growing season
(February). As was the case with woody species, mean annual
rainfall also influenced the results, with the effects of fire exclu-
sion and of wet season fires being most marked on plots in areas
of higher rainfall. In more arid areas, where fire treatments could
not be applied as often as intended (Fig. 2), the responses of the
herbaceous plants to different fire treatments were less clear,
and possibly masked by the competing effects of herbivory and
climatic variability.
These findings also suggest that the manipulation of fire
regimes is not critical for the maintenance of herbaceous plant
species diversity. Fire exclusion or extensive wet season fires,
which would affect composition, are not practical options as it
would not be possible to apply them consistently over large areas.
The manipulation of grazing pressure (for example through the
establishment or removal of artificial water sources, which have
been employed extensively in the park) may be more effective
ways of influencing herbaceous plant community composition
(Gaylard et al. 2003).
Effects on small mammals
A study of small mammal dynamics on the experimental burn-
ing plots identified 11 species (nine rodents, one shrew and one
elephant shrew). Protection from fire led to relatively high, sta-
ble small mammal density, biomass and diversity (Kern 1981).
Annual fires, on the other hand, led to domination of the small
mammal community by a single rodent species (Tatera leuco-
gaster), whereas triennial burning treatments were characterised
by a cycle of species determined by post-fire age. On plots burnt
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every 3 years, T. leucogaster dominated in the first year after
fire, followed by domination by other rodent species, and finally
by the shrew species Crocidura hirta in the third year after fire.
Thus, whereas protection from fire seemed the best option for
the conservation of small mammals, it was recognised that this
would neither be possible nor desirable. Kern (1981) concluded
that many small mammal species would be conserved, albeit
in smaller numbers, in fire refugia across the park. This work
indicated, therefore, that managers would not have to focus on
the establishment of a narrow range of fire regimes to conserve
small mammals.
Effects on ants
A study of the responses of ant communities to fire treatments
at the Sourveld, Knobthorn-Marula and Mopane sites found no
significant effect of burning on mean ant species richness and
abundance between treatments, although there were significant
differences in ant assemblage composition between the burnt and
unburnt (control) plots (Parr et al. 2004). The study concluded
that epigaeic ant assemblages appeared to be highly resistant and
resilient to burning. The response of ants to fire was linked to
changes in habitat cover and structure: the effect of fire on veg-
etation and ants was less pronounced in lower rainfall areas,
where differences in vegetation structure between burnt and
unburnt plots were less pronounced than in higher rainfall areas.
Because of the very small effects of fire on ant communities,
the study specifically recommended that conservation managers
need not be concerned about the effects of fire on ant species
diversity, but that they should rather ‘focus concerns regarding
the subtleties of fire regimes on other taxa or areas of particular
concern’.
Effects on birds
Although an attempt was made to assess the effects of long-term
burning treatments on bird species, the experimental burning
plots proved to be too small for this purpose. The impact of fire
on bird communities was therefore assessed by comparing larger
areas burnt in low- and high-intensity fires with unburnt sites
(Mills 2004). The study found that species richness did not dif-
fer between these treatments. Some species were less common
in some treatments (for example ground-feeding and granivo-
rous species were less common at sites that had high-intensity
burns), but in none of the treatments was any species entirely
absent. The study concluded that bird communities are likely
to be robust to all but the most extreme fire policies, such as,
for example, total fire exclusion. It was specifically noted that
a ‘hands-off fire policy is unlikely to affect bird communities
negatively’.
Effects on mycorrhizal symbiosis
Mycorrhizal symbiosis is recognised as a key factor that could
influence the response of grasses to fire and herbivory. The rela-
tionships between fire treatments, grass root architecture and
mycorrhizal symbiosis were investigated on the experimental
burning plots (Hartnett et al. 2004). Eighteen grass species were
sampled on plots burnt every 1 and 3 years, as well as in unburnt
plots. All 18 species were found to be highly colonised by arbus-
cular mycorrhizal fungi (AMF). Both mycorrhizal symbiosis and
root system architecture were strongly affected by fire, with an
increase in AMF colonisation and a decrease in root branch-
ing and fine root development with decreasing fire frequency.
The fact that mycorrhizal colonisation and root system fibrous-
ness showed opposite trends across the range of fire frequency
treatments indicated that maintaining an extensive system of
fine roots or an extensive network of mycorrhizal hyphae rep-
resent alternative strategies for maximising acquisition of soil
resources under different fire regimes.Although Hartnett’s study
did not specifically address the management implications of
these findings, it implies that managers need not be concerned
that adherence to narrow fire regimes would have any disadvan-
tages in terms of grass species’ abilities to retain adequate levels
of access to nutrients.
Effects on soil
Nitrogen is lost through volatilisation during fires, but studies
on the experimental burning plots revealed that soil % nitrogen
did not decrease with increasing fire frequency, suggesting that
nitrogen losses are replenished in both regularly (annually) and
less regularly burnt areas (Aranibar et al. 2003). In apparent con-
trast to the findings regarding effects on woody shrubs in other
studies, the relative abundance and nitrogen fixation of woody
legumes decreased with increasing fire frequency, suggesting
that woody legume nitrogen fixation is not the mechanism that
balances nitrogen losses. The relatively constant % nitrogen in
all fire treatments suggests the presence of other mechanisms
to balance nitrogen losses by fires. A study of soil microbial
communities on all burn treatments (Feig 2005) assessed overall
bacterial community structure, and inferred metabolic activ-
ity through the measurement of soil respiration. It was found
that there was no significant difference in soil respiration rates
between fire treatments, soil types or seasons. Annual burn-
ing was also found to increase soil crusting (Mills and Fey
2004). Mills and Fey’s study suggested that this may be self-
perpetuating, because increased runoff is likely to increase the
loss of soluble salts. However, there is no evidence, yet, that
infrequent burning (every 2–6 years) may lead to severe nutri-
ent losses and soil crusting. Frequent (annual) fires that cause
crusting are unlikely on a large scale.
Effects on gaseous emissions
The SAFARI-92 initiative (Lindesay et al. 1996) made exten-
sive use of the Kruger National Park’s fire experiment to gather
data on gaseous emissions, both during flaming and smoulder-
ing combustion, as well as from biogenic emissions following
fires. The SAFARI work was not intended to address the aims
of the experiment, but rather it made use of the infrastructure
and fire management expertise available to address questions
relating to the role of fire in affecting the chemistry of the atmo-
sphere (Andreae et al. 1996; Lacaux et al. 1996; Levine et al.
1996; Parsons et al. 1996; Shea et al. 1996; Ward et al. 1996).
The findings included that the magnitude of carbon and nitro-
gen emissions during fires is influenced by biomass, which is in
turn influenced by post-fire age. Post-fire biogenic emissions of
nitric oxide increased after fire, and were highest following fire
on plots that had been unburnt for 35 years (this finding required
that one of the control plots in the Sourveld area be burnt). The
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main focus of the SAFARI work was to provide information of
relevance at a subcontinental to global scale, in terms of under-
standing the role that vegetation fires play in the dynamics of
atmospheric chemistry.Although this work had macroscale aims
from which the park’s managers originally expected a low level of
direct benefits, it brought home the realities of potential depo-
sition of industrial and motor vehicle emissions and possible
nitrogen leaks from upstream areas. These are important areas
in which conservation authorities could easily have remained
conceptually disconnected (Biggs 2003). Through having these
links pointed out, managers and researchers in the park gained
valuable integrative insights. These have enabled them to engage
in debates on activities outside the park’s boundaries that would
impact on ecosystem function and conservation within the park.
Overall effects of fire
The picture that emerges from this is that fire has less effect than
may have been expected. The effects of fire on the vegetation
were more marked in areas that received higher rainfall, but the
most notable effects are from treatments that deviate most from
the existing (and for all practical purposes the achievable) fire
regime. These include extremes of fire frequency (either annual
burning, or total exclusion of fire), or burning in the summer wet
season. None of these are practical or desirable options for fire
management. Whereas fire had little effect, the total exclusion
of fire had striking effects, especially in terms of increases in
aboveground plant biomass, and especially in areas of higher
rainfall. It is important to consider, though, that because the
experiment was open to grazing and browsing, the effects of
fire may have been mediated or masked; herbivory and fire are
known to strongly interact in other grassland ecosystems (Collins
et al. 1998).
Changing paradigms in savanna fire ecology
In addition to findings based on the fire experiment, many new
insights into the role of fire in African savannas have arisen
from other research. The adoption of a heterogeneity paradigm,
with variability as a central concept (Mentis and Bailey 1990;
Rogers 2003) has required thinking about the use of fire in ways
quite different to the fixed-area, fixed-return interval approach
that characterised the 1950s to 1980s. The fact that grasses and
trees coexist in savannas has been explained by disequilibrium
models that invoke the irregular occurrence of fires in preventing
the development of a stable state in savanna ecosystems (Scholes
andArcher 1997). Higgins et al. (2000) were able to demonstrate
a plausible mechanism that underlay this process – the need for
variability in the intensity of successive fires. A study of the
fire records for the entire Kruger National Park over more than
40 years also revealed that the area that burnt in any given year
was strongly related to rainfall (and therefore grass fuels) in the
preceding 2 years (van Wilgen et al. 2004); it was variability in
rainfall that governed the extent of fires, and not management.
Variability in fire-return periods was also strongly influenced by
the sequencing of annual rainfall rather than by management. It
is many of these new insights, rather than information arising
from the fire experiment, that have provided the impetus for
changes in management approaches in the park (see below).
How well did the treatments approximate the park’s
fire regimes?
The fire treatments chosen for inclusion in the fire experiment
were assumed to be representative of a potential suite of regimes
that could underpin management at the time that the experiment
was initiated. The mean fire frequencies in the landscapes in
which the experiment was established have subsequently been
found to be longer (up to 7.2 years) than the 1–3-year range
initially chosen for the experiment (van Wilgen et al. 2000).
This was realised in 1976, when fires on 4- and 6-year cycles
were added to the experiment. In reality, fire-return periods in
the park are variable and skewed. For example, fires at 1- or
2-year return intervals were found to account for 65% of all
area burnt per year in the Kruger National Park, but occasional
longer fire-return periods (up to 30 years or more) ensured a
higher mean (van Wilgen et al. 2000). Thus, although annual,
biennial and triennial burn treatments are probably representa-
tive of most individual fires, they do not account for occasional
longer periods between fires, which may have important ecolog-
ical effects, especially in terms of the recruitment of trees into
fire-resistant size classes (Higgins et al. 2000; Van Langevelde
et al. 2003). The fire intensities achieved in the experimental
burns were probably also not representative of the full range of
actual intensities found over large areas. This is because experi-
mental fires were mainly carried out under milder conditions for
reasons of safety, resulting in fire intensities between 700 and
2800 kW m−1. Many landscape-scale fires would be of higher
intensity (a small number of experimental plot fires exceeded
15 000 kW m−1; Govender et al. 2006), again with significant
ecological consequences for trees (Trollope et al. 1995).
Fire management in the Kruger National Park
Since the proclamation of the park, fire management has passed
through several phases (van Wilgen et al. 2003). Between 1926
and 1947, occasional but limited burning was carried out to pro-
mote grazing. Between 1948 and 1956, deliberate attempts were
made to reduce the impacts of fire, by ensuring, wherever possi-
ble, that no area burnt more often than once every 5 years. From
1957 to 1980, prescribed burning was introduced with the inten-
tion of establishing a regular, 3-year fire-return interval. The
park was divided into around 400 fixed areas (called ‘burning
blocks’), and a program of prescribed burning intended to ensure
that these blocks burnt every 3 years was initiated. This was to
have continued until such time as evidence could be produced
to support an alternative management approach. Between 1981
and 1991, this was changed to become more flexible. Fires were
timed to take fuel loads, post-fire age and mean annual rainfall
into account, with the intention of establishing more variable
return intervals. Between 1992 and 2001, a ‘natural’ fire policy
was introduced, in which lightning-ignited fires were allowed to
burn freely, while at the same time attempts were made to pre-
vent, suppress or contain all other fires. Since 2002, the park has
adopted a hybrid system of patch mosaic burning (Brockett et al.
2001) and lightning fires, with tolerance of wildfires under cer-
tain conditions. Fire patterns are monitored, and tested against
‘thresholds of potential concern’ (van Wilgen et al. 1998; see
below) within a framework of adaptive management (Biggs and
Rogers 2003).
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The concept of management by ‘thresholds of potential
concern’ was introduced in the Kruger National Park in the mid-
1990s (Biggs and Rogers 2003). Under this framework, upper
and lower thresholds were defined for a range of ecosystem indi-
cators. If a threshold is reached, then management interventions
are considered; alternatively, the threshold could be recalibrated.
In line with this policy, a range of thresholds relating to fire pat-
terns was proposed (van Wilgen et al. 1998). The framework
included thresholds relating to fire-return periods, the seasonal
distribution of fires, the range of desired fire intensities, the size-
class distribution of fires and the cause of fires (whether they
were ‘natural’ lightning fires, or fires initiated by humans). Devi-
ations from these thresholds were intended to alert managers
to the possibility that fires were either too frequent, too infre-
quent, or otherwise deviating from acceptable limits in the area
concerned. The way in which this influenced fire management
policy is discussed further in the next section.
Recent studies (van Wilgen et al. 2004; Govender et al. 2006)
investigated the impact of changing management approaches on
the park’s fire regimes between 1956 and 2001. They found that,
at the scale of the entire park, the area that burnt in any given year
was independent of the prevailing management policy; rather, it
was strongly related to rainfall (and therefore grass fuels) in
the preceding 2 years. Mean fire-return periods varied between
5.6 and 7.3 years under the different management policies, and
variability in fire-return intervals was strongly influenced by the
sequencing of annual rainfall rather than by management. These
findings were surprising as they indicated that management had
less influence on fire occurrence than many would have believed.
On the other hand, management did affect the spatial heterogene-
ity of fires, their seasonal distribution, and the intensity of fires.
The relative influence of fire research on fire
management policies
Scientific data and understanding do not constitute the only basis
for management or policy decisions, but they can and should
provide important inputs (Polikansky 1998). At the initiation of
the Kruger National Park’s fire experiment, it was the intention
that information gathered, and periodically synthesised, would be
used to improve fire management from time to time.The question
can now be asked whether that was in fact the case, and also
whether or not the research constitutes a valuable ongoing invest-
ment for managers.This question is best addressed by examining
the rationale behind the changes in fire management approaches
in the park, following the initiation of the fire experiment.
There is only one published account of the earlier manage-
ment recommendations arising from the burning experiment
(Anon. 1960). The report reviews preliminary experimental
findings, and goes on to make several surprisingly detailed
recommendations without linking them to the results of the
experiment. These include the proposed exclusion of the catch-
ment areas of rivers and wetlands from the burning program, the
need for inspections of areas due to be burnt before a final deci-
sion was made to burn, the abandonment of burning in August
and September and the requirement that at least 2 inches (50 mm)
of rain should fall before any burning was initiated, and the total
exclusion of areas in the north from the burning program because
of their ‘exceptional’ plant growth. This approach essentially
sought to inform management decisions by utilising expert opin-
ion. Such expertise resided in individuals whose task it was to
gain understanding from field observation and experimentation.
Although the recommendations made could not have been based
on the results of the fire experiment, they provide an early exam-
ple of the close links that developed between researchers and
managers in the park over the next few decades.
The first policy change after the initiation of the fire experi-
ment came about in 1981. At this time, the intention to replace
the more rigid attempt to apply fires on a 3-year cycle with flexi-
ble prescribed burning was made. The concerns expressed at the
time are listed by van Wilgen et al. (2003), and were based on
widespread observations of deteriorating grassland condition,
and declining numbers of large trees. In addition, there were
growing opinions that perimeter ignitions (rather than point igni-
tions, such as those associated with lightning-ignited fires), and a
lack of variation in fire regimes, were detrimental. The degree to
which the fire experiment influenced these changes is not clear,
or documented, although experience gained by researchers in the
application of (or inability to apply) scheduled treatments must
have informed the debate to some degree.
The second major policy change in 1992 led to the intro-
duction of a lightning-driven fire policy. The rationale for
implementing this policy is summarised by Biggs and Potgieter
(1999) as follows:
In 1992, forces within park management supporting notions
of wilderness ecosystem management, and to an extent
those striving to promote landscape patchiness, were able
to obtain an overwhelming majority decision to alter the
nearly 40-year run of rotational burning to an intended sys-
tem of lightning-induced fires. The decision to change was
taken in the face of an available alternative . . . developed
for the Kruger National Park in 1991.
(The alternative was based on the assessment of grass sward
composition as a basis for deciding to burn or not.) As with
the earlier change in 1980, information from the fire experiment
apparently did not play any significant role in the decision, which
hinged on ideals of wilderness management, and was influenced
by developing ecological paradigms of heterogeneity.
The rationale behind the next policy change in 2001 is
summarised by van Wilgen et al. (2004) as follows:
(The change) was triggered by a threshold that sought to
limit human-caused fires to less than 25% of the area burnt
in a given year (this threshold was included because the
‘natural-fire’ policy rested on promoting lightning igni-
tions). When the threshold was exceeded in 1996, managers
first changed the target area from 25 to 50%, then from an
annual total to an average over 10 years. However, before
the 10-year period had been reached, it became clear that it
would in any case be exceeded. Most of the area that burnt
in the 10 years that the lightning policy was in force burnt
in fires not started by lightning (lightning fires burnt only
757 660 out of 3 210 543 ha, or 23.6%, and most fires were
ignited by transborder migrants). This, coupled with grow-
ing pressure from managers who were required to contain
most fires, led to the policy being changed in April 2002.
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It is clear, therefore, that this final change was also uninflu-
enced by results from the fire experiment.
The above assessment indicates that the fire experiment was
not as important in influencing changes in policy as its origina-
tors may have intended it to be.There appear to be three important
reasons for this. First, changing paradigms in ecology rendered
the suite of chosen fire treatments unsuitable for addressing new
questions, as they were not designed to cater for variable fire
intervals and seasons on the same spot. Second, major policy
changes were made in the absence any comprehensive analyses
of the effects of the fire treatments; although the experiment had
been maintained, it was not subjected to detailed analysis until
the late 1990s (Fig. 3). Finally, changes in policy were not based
on scientific evidence alone; philosophical issues were often the
dominant reason for change. Other than for the addition of new
treatments to the experiment (in 1976) and the subsequent pol-
icy change from fixed to flexible prescribed burning in 1981,
there does not appear to be obvious correspondence between the
experiment and fire management (Fig. 4).
Despite this, it should not be concluded that the experiment
did not have value. It has provided experience in the application
of various fire treatments over a long period and the opportunity
for observation of responses, and allowed the development of
understanding in a cohort of people who are now, as a result,
able to debate and decide on issues relating to fire and its effects
with a degree of confidence. In addition, as discussed below, the
experiment will also provide a template for testing new ideas.
Conclusions
The Kruger National Park’s long-term fire experiment has faced
problems typical of many such experiments elsewhere. The
objectives of fire management have changed over the past half a
century in response to changing paradigms in savanna ecology
(from ‘balance of nature’ to ‘flux of nature’ concepts) and a new
focus on the broader conservation of biodiversity (as opposed
to the conservation of large game animals; Bond and Archibald
2003).The experiment was therefore not ideally equipped to deal
with new questions, or to address the full suite of ‘thresholds of
potential concern’ relating to fire patterns that were developed in
the 1990s to guide the park’s fire management (van Wilgen et al.
1998). For these and other reasons, the experiment has been crit-
icised, and has been under threat of closure. For a long period,
the experiment produced very few tangible products (Fig. 3),
and as a result was not highly visible – this would have caused
an unintended increase in its vulnerability.
The fact that the Kruger National Park’s fire experiment has
been, and still is, maintained is remarkable, given that it has not
played an obviously dominant role in informing major manage-
ment decisions – the principal reason for its establishment. Its
continued existence today is probably the result of a combina-
tion of factors. These include its dedicated maintenance by a
small number of people, as well as a widely held belief among
managers that basic research will influence the understand-
ing of fundamental ecosystem function, and hence ultimately
promote appropriate management (Biggs 2004). There is recog-
nition, embedded in the park’s culture and based on a history
of science-based management, that basic research is neces-
sary to make good decisions about how to manage ecosystems.
This has led to an ongoing support of research, including sup-
port for the fire experiment, even if the results did not have
obvious immediate application. Today, given the growing impor-
tance of adaptive management (Biggs and Rogers 2003), the
fire experiment forms an important component of the integrated
approach that incorporates inventory and monitoring, research,
and adaptive management (Wallington et al. 2005).
The experiment has also delivered some benefits that were
unforeseen at the time of establishment. The baseline surveys
conducted at the start of the experiment provide a sample of
the vegetation condition in the park in the 1950s, and are the
only existing, detailed information on the state of the vegetation
at the time. As such, they are a valuable resource in their own
right, and have recently provided the only data against which the
impact of growing numbers of elephants can be assessed. The
management of the park’s burgeoning elephant population, and
the effects of such management on vegetation, have developed
into a major issue (Whyte et al. 2003; Owen-Smith et al. 2006).
Having a benchmark against which these impacts can be assessed
is extremely valuable, and would not have existed if it were not
for the fire experiment’s baseline surveys. The use of the exper-
iment to address new and unforeseen questions (such as the role
of vegetation fires in the dynamics of the atmosphere; Lindesay
et al. 1996) provides further confirmation of its value, as does its
use in the interpretation of satellite images (Heatherington 1997;
Landmann 2003) and for the development of conceptual ecolog-
ical models (Higgins et al. 2000; Van Langevelde et al. 2003).
Currently, and in the light of these considerations, the experiment
is viewed as a comprehensive scientific outdoor laboratory to be
utilised to promote the understanding of fire–herbivory interac-
tions and the effects of different combinations of fire frequency
and season on the ecosystem. The experiment will in all likeli-
hood also become part of the South African Earth Observation
Network (SAEON; Van Jaarsveld and Biggs 2000). The SAEON
network aims to provide long-term reliable data for scientific
research and for informing decision-making for a knowledge
society and an improved quality of life.
Seen from an ecological perspective, the experiment remains
extremely valuable, and provides useful opportunities for the
testing of ideas, by virtue of having been subjected to rigorous,
repeated, and documented fire treatments over many decades.
Such sites are very difficult to find, and the experiment has
already been fruitfully used to test emerging ideas in ecology
and global change. Indications are that this role is set to grow in
importance. The fire experiment has recently provided the basis
for examining new research questions, with a view to devel-
oping an improved conceptual and predictive understanding of
savanna ecology. This will be attempted through the additional
experimental manipulation of the vegetation under different fire
treatments. The additional treatments include, for example, the
complete fencing of some plots, and the erection of smaller
exclosures, and irrigation and shelter from rainfall on others.
These experiments have already been initiated utilising research
funding from donor foundations, and are aimed at examining the
combined effects of fire, herbivory, and rainfall on the dynamics
of the vegetation.The effects of fire may not manifest themselves
over the short time periods covered by most experiments, and this
experiment provides an ideal template for examining the long-
term consequences of ecosystem manipulation. In addition, the
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existence of this established, long-term experiment located in an
area that still supports the full complement and diversity of large
mammalian herbivores under whose influence the vegetation
evolved make it a unique asset.
Finally, the experiment also provides the opportunity to
physically demonstrate the consequences of the application or
exclusion of fire over many decades to a range of stakeholders,
from policymakers to ecosystem managers and students. With
regard to the last group, the experiment is regularly used as part
of the field curricula of local and international students of ecol-
ogy, and as a basis for research by masters and doctoral students.
We conclude, therefore, that the experiment is and will remain
extremely valuable.
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